To study the structure, function, and interactions of proteins, a plethora of techniques is available. Many techniques sample such parameters in non-physiological environments (e.g. in air, ice, or vacuum). Atomic force microscopy (AFM), however, is a powerful biophysical technique that can probe these parameters under physiological buffer conditions. With the atomic force microscope operating under such conditions, it is possible to obtain images of biological structures without requiring labeling and to follow dynamic processes in real time. Furthermore, by operating in force spectroscopy mode, it can probe intramolecular interactions and binding strengths. In structural biology, it has proven its ability to image proteins and protein conformational changes at submolecular resolution, and in proteomics, it is developing as a tool to map surface proteomes and to study protein function by force spectroscopy methods. The power of AFM to combine studies of protein form and protein function enables bridging various research fields to come to a comprehensive, molecular level picture of biological processes. We review the use of AFM imaging and force spectroscopy techniques and discuss the major advances of these experiments in further understanding form and function of proteins at the nanoscale in physiologically relevant environments. Molecular & Cellular Proteomics 9:1678 -1688, 2010.
To understand biological processes at the molecular level it is essential to identify the involved proteins and proteinaceous assemblies, to characterize their structure and function, and to unravel their interplay with other proteins and molecules (1) . Techniques like x-ray crystallography, electron microscopy, nuclear magnetic resonance spectroscopy, and mass spectrometry have contributed massively to elucidate such protein properties. These techniques can easily sample the properties of a large ensemble of proteins; however, they require subjecting the sample to harsh treatments such as drying, crystallizing, or vaporizing in vacuum, thereby limiting the range of measurable dynamical properties of the sample. One powerful method that permits the investigation of molecules in their native physiological buffer condition is atomic force microscopy (AFM) 1 (2) . An atomic force microscope is a microscope and force spectrometer at the same time. The imaging resolution of the atomic force microscope is comparable with that of electron microscopes, and it has the special capability to image samples in a variety of environments such as in vacuum, air, or liquid, which therefore enables studying biological specimens in their native environments (i.e. in buffer solutions) (3, 4) . In addition, its ability to "touch" the sample gives it the advantage to manipulate single particles/molecules and probe their mechanical properties (5) (6) (7) (8) . However, AFM force spectroscopy is currently a technique with rather fast pulling and pushing speeds, thereby often operating out of equilibrium conditions. Improvements with ultrastable atomic force microscopes are underway to tackle this problem with promising results (9, 10) . Furthermore, AFM is not well suited to apply and resolve forces at the single piconewton range due to large size tips and relatively stiff cantilevers. The issue of nonspecificity of the tip interaction with the sample is also of concern, especially in pulling experiments that require the capability to accurately recognize and select the appropriate molecule or point of interest. The current introduction of carbon nanotube tips can address the former issue (11, 12) , whereas techniques in chemical functionalization can provide directed tip specificity and recognition capability (13) (14) (15) (16) (17) (18) , thereby further improving and widening the applicability of AFM in the future. In addition, the coupling of the atomic force microscope to fluorescence microscopes further enhances its versatility by adding (single molecule) fluorescence imaging to the AFM imaging capability (19 -21) , and the development of high speed systems makes it possible for AFM to probe fast dynamics of various biological processes (22) (23) (24) (25) (26) .
The applicability of AFM in proteomics is diverse and includes the characterization of the cell surface proteome (for a recent review, see Ref. 27 ), label-free detection and counting of single proteins (28, 29), and force spectroscopy measurements of binding and unbinding events (30, 31). In structural biology, AFM has shown to be a powerful tool for high resolution imaging of proteins in near native conditions (3, 6) and structural studies of supramolecular assemblies like protein filaments and viruses by nanoindentation methods (32, 33). These experiments show the potential of AFM to study both "form" and "function" of proteins, thereby resolving questions in proteomics and structural biology quasi-simultaneously. In the following, we will explain the principles of atomic force microscopy and its different operation modes and finally discuss examples of imaging, nanoindentation, and protein (un)binding and unfolding studies using AFM.
PRINCIPLES OF AFM
The atomic force microscope is a member of the scanning probe microscopy techniques that utilize a probing tip that scans the surface of a sample. The measured interaction between the sample and the probe (e.g. current in scanning tunneling microscopy or force in AFM) renders a three-dimensional image of the sample surface.
In AFM, the probe is a sharp tip with a typical radius of about 1-20 nm mounted on a cantilever. The interaction between the sample and the tip is recorded by the bending of the cantilever as shown in Fig. 1 . The deflection of the cantilever is monitored by the change in direction of the reflected light (laser), which is recorded by a position-sensitive detector (quadrant photodiode). Soft cantilevers with spring constants of about 0.01-0.1 newton/m can sense forces as low as a few piconewtons, whereas modern piezoelectric scanners can translate the sample or tip in x-, y-, and z-directions with subnanometer resolutions. This combined functionality provides the atomic force microscope with the capability of rendering three-dimensional images of the sample with atomic resolution and manipulating them at single molecular level with nanoscale forces (34 -37).
As a microscope, there are various modes available to construct an image of the sample. Choosing the appropriate imaging mode and parameters influences the amount of contact force between the sample and the probe tip (38 -40). The different operation modes can be divided into static and dynamic categories (41-43). In static imaging mode, the sample is brought into physical contact with the tip until their interaction reaches a condition where it satisfies a predefined parameter setting, such as the specified z-position of the sample (constant height mode) or the amount of interaction force between the tip and sample (constant force mode). In constant height mode, the sample is moved in x-y direction while maintaining its z-position. The surface or height information of the sample is reconstructed from the deflection of the cantilever, thus the measured contact force. However, because the distance between the tip and sample is fixed, lateral dragging of the sample during imaging is quite common. In constant force mode, it is the imaging force that is set on a fixed value. The sample is brought in contact with the tip by moving the piezoelectric scanner in the z-direction until the contact force reaches the set value. The height of the sample at that position is then determined by how much the sample was moved in z. The tip is then moved to the next x-y position and using a feedback mechanism will retract or approach the sample until the set contact force is obtained. The constant force mode provides a careful and cautious way of handling the sample by setting the contact force to a minimum. However, the cantilever normally moves laterally in a continuous manner, and therefore the retraction or approach during feedback can still impart considerable dragging or damage during these lateral movements, especially in imaging soft biological samples. An alternative way of performing the constant force imaging mode is called jumping mode. This mode provides a safer scheme by retracting the tip to a defined height away from the sample before moving on to the next lateral x-y position (44). With this mode, there is less probability of dragging the sample laterally because each time it moves to another position it is first retracted away from the sample surface, which could be set such that it is above the highest structural feature. In addition, because it also operates in contact force mode, the tip-sample interaction force can be preset to the lowest possible value, thereby preventing damage to the sample.
In dynamic imaging mode, the tip is made to oscillate while it approaches the sample. The change in the oscillation amplitude or frequency during approach is used to construct its surface information. In this mode, the tip can be intermittently touching the sample (tapping mode) or not touching the sample at all (non-contact dynamic mode). In tapping mode, the contact between the tip and sample is minimized by oscillating the cantilever so that the tip bounces up and down and therefore only "taps" the surface as it moves around the sample (45). The cantilever is made to oscillate lower than the natural resonance frequency; but when it approaches the sample, the resonance frequency decreases because of damping effects. The result is an amplitude increase because the driving frequency is now
FIG. 1. Schematic diagram of atomic force microscopy in liquid.
The cantilever is mounted on glass to facilitate access of the laser while probing a sample in a liquid cell. Light is reflected from the cantilever and detected by the quadrant photodiode. The photodiode signal is used to instruct the piezoelectric scanner to translate the z-position of the sample through a feedback loop mechanism.
closer to the new resonance. Finally, the oscillation amplitude decreases again when the tip hits the sample. The monitored change in the oscillation amplitude is used as the feedback signal for constructing the image of the sample surface. In non-contact dynamic mode, the tip is never in contact with the sample. To implement this, the cantilever is made to oscillate at a frequency higher than resonance. As it approaches the sample, its amplitude of oscillation decreases because of damping: the closer it is to the sample, the lower its amplitude of oscillation. The tip is prevented from coming too close to the sample by setting a limit on the lowest possible oscillation amplitude. As with tapping mode, this parameter is used as the feedback signal for image construction. The dynamic modes provide the option of little physical contact with the sample during imaging.
In force spectroscopy, the atomic force microscope is operating in the force-distance measurement mode (46, 47). In this mode, the force is now specifically monitored and recorded as the tip is brought into contact (e.g. pushing/ indentation experiments) or out of contact from the sample (e.g. unbinding and stretching experiments) while simultaneously recording the amount of distance of approach or retraction of the tip. In this mode, no lateral movement is performed during the approach and retraction cycles. Typical applications of the spectroscopy mode in protein studies are in pushing or nanoindentation of viruses and microtubules to probe their mechanical properties (32, 33, 48) and in pulling or stretching experiments to measure the (un)binding strength of two protein molecules (49 -52) or to measure the interactions of the different structural elements comprising large molecules such as muscle protein titin (53, 54) , ubiquitin (55, 56) , and membrane protein bacteriorhodopsin (57) (58) (59) . In these experiments, the plot of the measured force against the deformation of the sample (force-distance curve) provides information on the material properties such as the spring constants, Young moduli, and the binding and unbinding, stretching and breaking forces of the probed structures.
A typical force-distance curve generated by nanoindenting a virus particle is depicted in Fig. 2 . In the beginning, the tip is far from the sample; thus, the measured interaction force between them is zero. At the instance the tip touches the sample surface, the cantilever starts to bend, and the forcedistance curve starts to rise as the tip pushes further on the sample. When the tip is retracted, the retraction curve may simply trace back the curve during approach (in the case of a hard surface), or it retraces a completely different curve depending on the properties of the sample (37, 47, 60, 61). As illustrated in Fig. 2 , the virus particle has exceeded its elastic limits during approach at about 0.8 nanonewton and thereafter suffered irreversible deformation, maybe breakage. During retraction, the tip did not interact anymore with an intact virus particle, and the retraction curve resembled that of the glass curve.
To ensure that the measured parameters are accurate and precise, the piezoelectric scanner, spring constant of the cantilever, and photodiode signal must be calibrated. The scanner can be calibrated by imaging surfaces or microgrids with known dimensions. For the cantilever calibration, there are three different methods in measuring its spring constant: dimensional, static, and dynamic methods. Dimensional methods calculate the spring constant based on the physical dimensions and material properties of the cantilever (62, 63) , and the static method is based on the deflection of the cantilever in response to a known force (64, 65) , whereas the dynamic method measures the resonance frequency and Qfactor by oscillating the cantilever (66 -68) . Most atomic force microscopes use the beam bounce method to measure the cantilever deflection using a photodiode. Thus, an a priori calibration procedure is important to convert the photodiode signal into the actual force applied by the tip. Force calibration is usually implemented by pushing the tip on a hard surface such as a mica or glass substrate. This curve measures the deflection due to the cantilever alone, referred to as the glass curve in Fig. 2 . When pushing or pulling a sample, its actual indentation or stretching can be measured by subtracting the deflection of the cantilever from the recorded force-distance curve as demonstrated by the line with double arrow in Fig. 2.   FIG. 2 . Example of force-distance curve. The plot shows a forcedistance curve when the AFM tip is pushed onto a hard surface (e.g. the glass substrate) and pushing on a supramolecular proteinaceous structure. During approach, as the tip is still far from the sample, the measured force on the cantilever is zero. As the tip pushes on the sample, the force increases with the amount of distance pushed. In pushing hard samples like glass, this relationship is linear, showing the elastic property of the cantilever (glass curve). In this case, the retraction curve retraces the approach curve. For deformable protein samples, in this example a viral capsid in buffer solution, the curve may not be completely linear, and sudden drops of the force can occur. This can be interpreted as buckling or breakage in the sample. In this example, the retraction curve is very different and implies that the indented particle was irreversibly deformed during approach (for at least the time scale of the experiment and likely permanently). nN, nanonewtons.
APPLICATIONS OF AFM TO PROTEIN RESEARCH
Since its development as an imaging technique, AFM has become a widespread tool in academic and industry settings for solid state and materials research (2, 39). Because it is a contact microscope, it does not suffer from diffraction limits as optical microscopes do, thereby providing it with the capability to reach atomic resolutions. Furthermore, specific tip-sample interactions such as electrostatic and magnetic forces were further exploited to characterize material properties of solid state and polymer samples. The application of AFM has since then encompassed other areas of research. In this section, we discuss the advances in imaging and force spectroscopy in the study of proteins and other biological samples.
High Resolution Imaging
AFM can render images of samples in different ways based on the measurement parameters used. The most common imaging is topographic; in this case, the image of the sample surface is reconstructed from the z-movement of the piezoelectric scanner. An intuitive image can be also be derived from the error signal, i.e. the input to the feedback loop system, which can be interpreted as the first-order derivative of the topography image. This image enhances the fine details of the sample at the expense of the coarse features. The side-to-side difference signal of the photodiode, which measures the frictional force experienced by the tip as it scans the sample (69 -71) , and the phase information in dynamic mode AFM (42, 72, 73) again render different aspects of the sample. These images reveal material characteristics of the sample such as viscoelastic and electrostatic properties. However, this information is quite complex and hard to quantify; thus, these images should be carefully analyzed and in most cases only serve as intuitive supplements.
The capability of AFM to image in liquids caught the attention of the biology community and has since then been added to the palette of available techniques to image biological samples (74 -78) . A myriad of examples ranging from imaging cells, bacteria, and viruses to the imaging of isolated molecules such as nucleic acids (DNA and RNA) and individual proteins shows the flexibility of the atomic force microscope to image and manipulate (fragile) samples in their native state without destroying them. One of the first biological specimens that was imaged in aqueous solutions is the human blood protein fibrinogen, which was followed in real time during its clotting process (79) . AFM images of the fibrinogen before and after the addition of thrombin clearly show how it transforms the protein to fibrin monomers and catalyzes the spontaneous polymerization of the monomers to chains and the subsequent cross-linking of these chains to form intricate fibrin nets. These fibrin nets play key roles in processes such as wound healing and the occurrence of blood clots that cause heart attacks and strokes. The first AFM images of isolated viruses and phages were recorded in air and were used for tip calibration and reference purposes (7, 80) . Around the same time, cell-associated viruses in liquid were also imaged (81) . Since then a series of experiments have been performed to improve the quality of AFM images of viruses and viral subunits (7, 82) (an example is shown in Fig. 3) . Nowadays it is possible to image specific substructures like bacteriophage connectors and tails (72, 87, 88) , individual capsomeres of plant and human viruses (82, 89) , new viruses budding from cells (7, 71, 81, 90, 91) , and expelled viral genomes (92-94) under liquid conditions.
FIG. 3. Sample AFM image of noroviruses in liquid.
On the left is a top view image showing several viral particles. In this view, structural details of the particles (cuplike depressions) can already be recognized. On the right is a zoomed-in side view image on one of the particles shown in a three-dimensional representation. The cross-sectional profile shows the apparent overestimation of the lateral dimensions of the sphere-like particle, which results from the tip convolution effect inherent to AFM imaging (80, 83) . However, the diameter can be accurately determined by measuring the height. The z-profile indicates a maximum height of about 38 nm, which is in close agreement to the diameter determined by electron microscopy and x-ray crystallography (84, 85) . The images were recorded using jumping mode AFM (see Ref. 86 for full experimental details with the sole difference that these images were taken in sodium phosphate buffer).
Visualization of fragile proteins in their native state such as mitochondrial and photosynthetic membrane proteins (e.g. bacteriorhodopsin) (95, 96) was also performed during the early developments of AFM. The surface topography of bacteriorhodopsin was resolved down to 1 nm (97), and since then vertical resolution of up to ϳ1 Å was attained as demonstrated by the imaging of the photosynthetic core complex in native Rhodopseudomonas viridis membranes (98) . The images of the latter experiment show a single reaction center encircled by an ellipsoid of 16 light-harvesting subunits. Furthermore, by applying loading forces to the tip, different protein complexes were nanodissected out of the photosynthetic core, and by imaging afterward, the structural changes and rearrangement of the protein assembly were observed (98) . AFM images were also used to measure and probe material properties such as persistence lengths of DNA (99 -102) and the structure and defects of lipid films (103) . Aside from visualization of biological objects, topographic AFM images were also used for surface roughness analyses to study the biocompatibility of scaffolds by correlating surface characteristics with (stem) cell proliferation (104, 105) or the adsorbed proteome repertoire (106) . Furthermore, time-lapsed AFM imaging enabled tracking the motion of proteins at subnanometer resolutions (107, 108) , real time probing of proteinprotein interactions such as the binding and dissociation of chaperonin protein GroES to individual GroEL proteins (77, 109, 110) , and observing the disassembly dynamics of microtubules (111) and diffusion and transcription of Escherichia coli RNA polymerase (112, 113) .
Single Particle/Molecule Manipulation and Force Measurements
Aside from topographic imaging, AFM is also widely used for single molecule manipulation and for the application of forces in force-distance measurement mode. In these measurements, which can be categorized into pushing or pulling experiments, the application of force by the tip is well controlled while the indentation or stretching of the sample is precisely monitored. The capability of AFM to physically sense interactions allows the study of inter-and intramolecular forces within the sample (114) . In biological applications, experiments range from determining the mechanics and structure of cells, supramolecular assemblies, and single molecules as exemplified by (i) nanoindentation of cells (115) (116) (117) (118) , microtubules (48, 119, 120), viruses (32, 121), and globular proteins (122, 123) to probing molecular bond strengths as demonstrated by (ii) unbinding, stretching, and unfolding of receptor/ligands (124 -126) , proteins (51, 52, 127), and nucleic acids (37, 101, 128 -130) . In addition, inherent tip-sample interaction forces, which include adhesion, capillary, van der Waals, and electrostatic forces, can also be used to reveal material and chemical properties of the sample.
Pushing and Deformation Experiments-Nanoindentation
experiments are performed by using the tip to push on the sample and recording the force-distance curve. In this case, the recorded deflection of the cantilever depends on the viscoelastic property of the sample (33, 60, 131) . When the measured stress (force) and strain (deformation) are linearly related, the material is said to be linearly elastic, and it will normally regain its original form after relaxation. Nanoindentation experiments can measure local or global elasticity and can be expressed in terms of the Young (or elastic) modulus. Furthermore, by applying higher forces, the atomic force microscope can also probe the structural strength of the sample from the force at which it starts to irreversibly deform or break. For instance, in a subfield of the emerging research domain of physical virology (i.e. studies of material properties of viruses, forces involved in viral DNA packaging, genome ejection mechanisms, etc. (132, 133)), AFM is used to analyze the mechanical structure of viral particles. These nanoindentation experiments have shown that the Young moduli between viruses can differ significantly (32) but that one can correlate those differences with the density of the protein packing in the capsid (134) . Viruses with a loose protein packing like cowpea chlorotic mottle virus (CCMV) and hepatitis B virus (HBV) have a Young modulus below 0.5 gigapascal (135, 136) , whereas viruses with a capsid structure that exhibits more extensive protein-protein contacts like the bacteriophages 29 and and the minute virus of mice (MVM) possess Young moduli of at least 1.0 gigapascal (121, 137, 138) . Remarkably the differences in Young moduli also seem to reflect the packaging mode for genome encapsidation. Viruses that self-assemble around their genome (CCMV and HBV) do not need a rigid shell as it is unlikely that high pressures will be exerted onto their inner walls by the genome. However, when a packaging motor is used to encapsidate the genome into preformed capsids, such as phage 29, phage , MVM (see also Ref. 32), and herpes simplex virus type 1 (89, 139), higher internal forces will generally be exerted onto the capsid walls.
The combination of AFM nanoindentation measurements with theoretical and modeling approaches has provided additional information on the studied viral capsids like the Young modulus of the particle and the deformation behavior under high forces (for a review on modeling approaches of viral capsids, see Ref. 140) . Finite element simulations and continuum elastic theory have been applied to understand the experimental results of, for instance, phage 29 (121, 140, 141) , CCMV (136, 140 -143) , MVM (138), HBV (144), murine leukemia virus (145), human immunodeficiency virus (146) , and tobacco mosaic virus (147) . As these modeling approaches are generally completely reversible, they cannot explain in detail irreversible processes like plastic deformation or capsid breakage at large deformations. To do this, one needs to resort to other modeling approaches like, for instance, molecular dynamics (MD) simulations (134) . Using such models permits interpretation of the experimental results at the protein level, a major step forward in our understanding of the mechanics of protein shells that is not possible with experimental techniques alone.
AFM nanoindentation experiments on other regular supramolecular assemblies like microtubules have been performed to study the material properties of these self-assembling protein tubes (48, 119, 120, 148, 149) . Noteworthy is a nanoindentation study of the decoration of microtubules with the microtubule-associated protein tau (149) . In this study, it was shown how tau binds in a 1-nm-thick layer around the microtubules, presumably along the protofilament tops. The radial spring constant of the microtubules was unchanged upon tau binding; however, the resistance against failure increased slightly. This experiment shows how form and function of protein assemblies can be studied using AFM. In another example of AFM studies of microtubules, not only the Young modulus but also the shear modulus of microtubules was determined. These measurements were performed by indenting microtubules that were lying over holes in the supporting substrate (120, 150) . This approach was further developed for mechanical studies of a different cytoskeletal protein polymer, vimentin intermediate filaments (151) . A lengthdependent bending modulus was inferred from the data, suggesting axial sliding between the subunits of intermediate filaments. In a similar approach, the mechanical properties of elastic fibers and collagen fibrils were probed by freely suspending them over microchannels in a solid support (152) (153) (154) . The 2 orders of magnitude difference between the Young modulus and shear modulus of type I collagen fibrils that was determined confirmed their mechanical anisotropy. As with viral capsids, the studies of protein filaments have also benefited from modeling approaches like finite element and MD simulations to determine, for instance, accurate values of the Young modulus (150, 155, 156) .
The mechanical properties of selected globular proteins were also studied by AFM nanoindentation as discussed previously (33, 123). Examples include force curves on lysozyme molecules (122) and on bovine carbonic anhydrase II, a zinc metalloprotein (157) . The latter experiments describe the change in mechanics of this zinc metalloprotein under increasing denaturing conditions, revealing a significant softening of the molecules at the onset of denaturation. In another experiment by the same group, the compression of surfaceadsorbed green fluorescent proteins was studied. They showed a reversible quenching of the fluorescence around a force of 5 nanonewtons (158, 159) . Whereas AFM nanoindentation experiments on supramolecular assemblies have provided insight into the mechanics and structure of a variety of biological complexes, such experiments on single proteins are still very scarce. This is probably because of the difficulty to interpret single molecule compression results, but this situation might change with further developments in modeling approaches (33). Contrasting with the small number of "pushing" experiments on single molecules, there has been a wealth of "pulling" experiments as we will discuss below.
Pulling Experiments-The interactions between isolated pairs of molecules, such as protein-protein or receptor-ligand bonding (17, 30, 52, 61, 160, 161) , have been probed by AFM force spectroscopy as well as the distribution and interaction forces of proteins on cell surfaces (17, 27) . These experiments generally require functionalized AFM tips and substrates and immobilization of the partners either on the tip or on the surface while taking force-distance curves. From these experiments, binding strengths of structural and chemical bonds and their breaking forces were measured. The binding strength between biotin and (strept)avidin for fixed loading rates (the ratio of pulling force or piezo movement over time) was probed by various groups, and averaged interaction forces of tens to hundreds of piconewtons were found (52, 124, 126, 162) . To study the energy landscape of bond strengths, however, one should probe the interaction force for different loading rates (163) (164) (165) . Doing so for the biotinstreptavidin bond shows that bond strengths increase with increasing loading rates (125) . Next to receptor-ligand interactions, antibody-antigen interactions were also probed by AFM force spectroscopy. The unbinding force between human serum albumin and a polyclonal antibody to this molecule was found to be ϳ250 piconewtons (15) . The interaction of intercellular adhesion molecule-1 with a specific antibody was probed in a combined force spectroscopy and adhesion imaging approach (166) . Here it was shown that topography information was correlated with specific molecular recognition. This is a nice example of how form and function of proteins can be simultaneously studied with one and the same technique. Interactions between other proteins have also been probed, for instance the binding strength between the motor protein myosin and its molecular track actin (167) and the interaction force between E. coli chaperonin GroEL and two different substrates (60) . In the latter study, it was found that the binding strengths are lower in the presence of ATP and that denatured proteins bind more strongly to GroEL than proteins in a native-like state. Finally, intermolecular forces in nucleic acids were probed by AFM force spectroscopy in an approach to pull apart two single strands of DNA using complementary oligonucleotides consisting of 20 bases (129) .
In AFM stretching and unfolding experiments of proteins, single or multidomain proteins are functionally attached from one end to an AFM tip and from the other end to the surface. Then the tip is pulled away from the surface, stretching and elongating each domain of the protein. In this scheme, at certain force ranges, a molecular bond or a structural element unfolds, resulting in a sudden increase of the contour length and drop of the force. Depending on the protein, this could be considered an elastic extension or an irreversible rupture, which depends on the pulling speed and temperature and solvent conditions among other factors (30, 114). The first Sampling Protein Form and Function with AFM publication among these experiments was the repeated stretching of the giant muscle protein titin, exhibiting a reversible unfolding of the individual immunoglobulin domains (127) . Furthermore, it was shown that one can mechanically induce the binding of ATP to titin kinase, which means that titin kinase acts as a biological force sensor (168) . Stretching experiments on enhanced yellow fluorescent protein (169) and green fluorescent protein (170) showed a complex unfolding energy landscape of the latter. In a recent high resolution force spectroscopy approach, the equilibrium fluctuations of calmodulin, a calcium-dependent signal transducer, were studied (10) . It was shown that target peptides have a stabilizing function on folded calmodulin domains and that the folding kinetics of these domains is influenced by calcium ions. The atomic force microscope was also used to unzip the neck coiled coil domains of the motor protein kinesin-1 (171) . As with nanoindentation experiments on microtubules and viruses and force spectroscopy of unbinding experiments, for unfolding measurements, the comparison of experimental data with simulations also have yielded additional insights into the exact molecular processes that take place. Examples include MD simulations on unfolding of specific titin domains (172, 173) , titin kinase (168, 174) , and green fluorescent protein (175) .
CONCLUSION
In this review, we have shown the advances in the study of protein form and function using atomic force microscopy. The strength of the atomic force microscope in comparison with other biophysical techniques lies in its capability to image biological samples in their native environment and its versatility to do force spectroscopy. Hence, AFM can be considered as a worthy addition to the standard methods and techniques in protein studies as exemplified by the experiments discussed in this review. With continuing development and advancement of AFM, it is expected to become an indispensable tool in the study of single proteins and supramolecular protein assemblies to elucidate the relationships between their form (structure) and function.
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